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Abstract 
A double SQUID qubit (Superconducting Quantum Interference Device) can be handled by applying microwave 
trains, but also by using fast flux pulses. In this second case the manipulation is based on the fast and radical 
modification of the qubit potential shape that induces non-adiabatic transitions between the computational states (the 
two lowest energy eigenstates), still avoiding transitions to upper levels. This modality is interesting because it allows 
faster operations with respect to other techniques, but also because it gives access to interesting nontrivial physical 
features, concerning in particular decoherence and adiabaticity.  
About decoherence, we observed experimentally the existence of an “optimal” bias region and the transition between 
two distinct decoherence regimes. These results can be explained by considering the effect of first and second order 
slow fluctuations which dominate on high frequency noise contributions. This allows a deep insight in the qubit 
decoherence mechanisms. 
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1. Introduction 
Superconducting devices are ideal candidates for the implementation of qubits and quantum gates 
[1,2], and are at the same time fundamental instruments for the study of macroscopic quantum 
phenomena [3,4] and of circuit Quantum Electrodynamics [5–7]. The manipulation of the quantum state 
in these systems is based on the non-adiabatic modification of their Hamiltonian. 
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This can be done by applying small periodic perturbations (for example microwaves) on the devices 
used as artificial atoms and exploiting NMR techniques, or also by applying single pulses which yield 
strong and fast Hamiltonian changes. Both techniques present specific advantages and disadvantages, and 
allow exploring different quantum phenomena. We concentrate our attention on the manipulation of a 
tunable double SQUID flux qubit by means of fast modification of its potential shape obtained by 
applying flux pulses. 
2. The double SQUID qubit and its manipulation 
The double SQUID (Superconducting Quantum Interference Device) [8,9] consists in a 
superconducting loop of inductance L interrupted by a dc SQUID, which is a second smaller loop of 
inductance l interrupted by two identical Josephson junctions of critical current J and capacitance C 
(Fig.1a). The dc SQUID behaves as a single Josephson junction if l<<L/β02 (where β0 = 2JL/Φb2 and Φb 
== /(2e) ≅ 3.29×10-16Wb is the reduced flux quantum), with total capacitance C0=2C and critical current 
I0 controlled by the magnetic flux Φc applied to the small loop so that I0 = 2J cos(π Φc/Φ0) (where Φb = 
h/(2e) ≅ 2.07×10-15Wb is the conventional flux quantum). We notice that not only the dc SQUID behaves 
as a tunable junction, but that it can also behave as a Pi-junction for cos(π Φc/Φ0) < 0. 
 
Fig. 1. (a) Scheme of the double SQUID qubit and of the inductively coupled readout dc SQUID. (b) double SQUID potential in 
the double well symmetric condition. (c) The flux Φx applied to the large loop changes the potential symmetry. (d) The flux Φc 
applied to the small loop modifies the barrier height, which can be also completely removed even to the single well condition. 
 
In the small loop limit the device is described by the following Hamiltonian: 
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where Φc and Φx are respectively the applied magnetic flux and the total flux in the larger loop, and Q 
is the charge on the total capacitance. Q and Φ are conjugate variables, in particular Q=C dΦ/dt: Φ has 
the role of an equivalent position, Q of the conjugate momentum and C of an effective mass, so that the 
first term in eq.1 corresponds to a kinetic energy and the other two terms to the potential energy. It is 
convenient to introduce a different notation by using the junction’s phase ϕ =2π Φ/Φ0 as effective 
position and introducing the equivalent mass M = C Φb2 and the control parameters ϕx,c =2π Φx,c/Φ0, so 
that the effective potential is given by: 
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where EL = Φb2/L and β (ϕc) = β0 cos(ϕc /2). This potential can presents one or more wells, with 
positions and shapes controlled by the parameters ϕx and ϕc. In particular, for ϕx=0 the potential is 
symmetric, and if it is also β (ϕc)> −1 there is a single well in ϕ=0 which can be approximated by a 
harmonic oscillator with angular frequency Ω ≈ Ω0 (1+β)1/2, where Ω0 = (LC)-1/2. For - 4.6  < β (ϕc) < −1 
there are two distinct wells with minima at ±ϕmin, where ϕmin ≈ 61/2(β -1)1/2 for (β -1) << 1 and ϕmin ≈ 
π β/(β+1) for β >>1 (Fig.1b). By moving ϕx slightly away from zero it is introduced an asymmetry in the 
potential shape (Fig.1c). 
By using these features we have the capability to design a controlled potential whose shape can be 
changed from single to double well by moving ϕc (Fig.1d), and which symmetry can be adjusted by 
moving ϕx (Fig.1c). This capability allows using the double SQUID as a flux qubit. 
The “rest” qubit condition is implemented by the double well quasi-symmetric potential (ϕx ≈ 0, 
Fig.1b), with computational states given by the flux eigenstates centered in the left and right wells 
respectively, at ±ϕmin. In this “rest” case the presence of the barrier forbids transitions between the lower 
states, so that the populations are frozen and only pure decoherence acts. 
The qubit can be prepared in a desired state by strongly unbalancing the potential (moving ϕx away 
from zero) in order to remove the left or right well and remaining with just the other, then waiting the 
time necessary for a complete relaxation in the ground state, and at the end returning back to the 
symmetric case. 
The state readout can be accomplished by a hysteretic dc SQUID inductively coupled to the qubit large 
loop and used as flux discriminator (Fig.1a). 
The phase rotation of the qubit state can be obtained by sending a pulse on ϕx that causes a small 
asymmetry for a short time Δt. A value ϕx ≠ 0 introduces an energy unbalancing F=  = 2EL ϕminϕx, so that 
the effect of the pulse is to shift the qubit phase, as illustrated in the following example for a generic 
initial state: 
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The population can be rotated with a more complex mechanism, by applying a pulse on ϕc in order to 
remove the barrier and have a single well condition for a time Δt  [10–13]. In this case it is required a fast 
pulse risetime which induces a Landau-Zener transition between the first two eigenstates (but not to upper 
unwanted states), producing an equipopulated superposition of these two states whose relative phase is 
related to the initial preparation. During the time Δt spent in the single well condition the phase evolves 
with angular frequency Ω determined by the single well shape. The fast return to the double well 
condition induces a second symmetric Landau-Zener transition which will rotate the relative phase in 
relative population. For example, by starting from an initial ground state we will have: 
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This kind of manipulation has been achieved experimentally. Fig.2 shows the oscillations of the 
probability to find the system in the left state after a preparation in the right state for a ϕc pulse of variable 
duration Δt. The oscillation frequency is determined by the single well shape that is controlled by the top 
value of the flux pulse, as can be observed in the two distinct cases of Fig.2a and 2b, obtained for 
different pulse heights.  
The measurements are performed on a device with parameters L = 85pH, C
 
= 0.4pF, I0 = 8μA and 
l=7pH, corresponding to β0 = 4.13 and EL/h = 1.92THz, fabricated by Hypres with standard Nb/AlOx/Nb 
technology, at the base temperature of 20 mK of a dilution refrigerator. The device is protected in a Pb 
shield, and in a series of steel, aluminum and mu-metal shields. The electric lines are filtered by different 
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stages of resistive and LCL filters and Thermocoax [14], while the electric line used to send the fast pulse 
is interrupted by three 20dB attenuators at different temperature stages. Measurements are performed by 
repeating for 1000 times a sequence of preparation – pulse – readout phases for a fixed Δt, in order to 
estimate the final probability, and repeating this sequence for different Δt values, in order to reconstruct 
the whole oscillations (Fig.2a and 2b). An important characteristic of this kind of manipulation concerns 
the very high oscillation frequencies that can be achieved, up to 22 GHz, which are not possible with 
manipulation based on microwaves pulses. This allows to have a higher number of quantum operation at 
equivalent decoherence time, an important result towards the defeat of decoherence. On the other hand, 
this kind of manipulation introduces a series of technological challenges related to the use of large and 
very fast pulses. For example, in both Fig.2a and 2b can be noticed the presence of small fluctuations in 
the oscillation frequencies, which is related to ripples in the flux pulse probably caused by a not perfect 
matching of the electric lines from high temperature electronics to the chip at low temperature. 
 
 
Fig. 2. Experimental oscillations of the probability as a function of the pulse duration Δt for two distinct flux pulse heights (left and 
right plots). 
The top value of the flux pulse controls the oscillation frequency according to the approximated 
relation f  ≅ f0 [1+β0 cos(π Φc/Φ0)]1/2. This can be observed experimentally by repeating the procedure at 
different values of the flux pulse top Φc, in this way obtaining different oscillation curves as shown in 
Fig.2a and 2b (corresponding to measured oscillation frequencies f=12.3Ghz and f=19.8GHz 
respectively). In Fig.3a are plotted different measured oscillation frequencies f obtained for different flux 
pulse top values (circles), in excellent agreement with the expected values (straight line). 
We observe that the pulse height changes not only the oscillation frequency, but also the decay time. 
This is enlightened in Fig.3b where we plotted the decay times t* necessary to reduce the oscillation 
amplitude to 1/e ≅ 0.368 as a function of the oscillation frequencies. It can be noticed the presence of an 
optimal point for 19.8f GHz  (see Fig.3b), where the decay time is maximum. 
Also the shape of the decay curves changes with the pulse top; in particular the oscillations with low 
frequencies (shorter decay times) are dominated by a quadratic exponential decay ∼ exp[-(γI t)2/2] (Fig.2a, 
dotted lines), while those with higher frequencies (higher coherence times) by an algebraic decay ∼ 
[1+(γII t)2]-1/4 (Fig.2b, dotted lines): we are in the presence of a transition between two distinct regimes.  
This behavior is expected when decoherence is dominated by low frequency fluctuations [15]. In this case 
the decay shape is related to the fluctuations of the oscillation frequency f, with a quadratic exponential 
decay due to first order contributions and an algebraic decay due to second order contributions. Therefore 
the observed transition between exponential and algebraic decays indicates the presence of an optimal 
bias condition point, where first order contributions are cancelled and second order effects dominates. A 
more accurate study is required in the next future in order to obtain information on the noise features 
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acting on the qubit. 
 
 
Figure 3. (a) Measured oscillation frequencies for different top values of the flux pulse (points), compared with the expected 
behavior for f=Ω/2π (straight line). (b) Time t* necessary to reduce the oscillations amplitude to 1/e as a function of the 
corresponding measured oscillation frequency. 
3. Conclusions 
In conclusion, a double SQUID manipulated by flux pulses can be used as a tunable flux qubit with 
interesting characteristics, in particular with a very high operation frequency. We observed coherent 
oscillations tuned by the control pulse height, which show variations in frequencies, decay times and also 
decay shapes, ranging from a quadratic exponential to an algebraic behavior. This behavior needs further 
investigation, and it is expected to enable a deep insight in the decoherence mechanisms acting on the 
qubit. 
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